ABSTRACT The hydraulic actuators are widely used in industry for the fabrication of all sorts of products. Due to the complexity and strong nonlinearity, such as the time-varying and nonlinear deformation force and driving force as well as the nonlinear friction, it is often difficult to gain an accurate control. In this paper, we propose a hybrid off-line/online modeling-based tracking control method to alleviate this difficulty. First, a hybrid off-line/online modeling is proposed in order to achieve the models of both the time-varying and nonlinear deformation forces and nonlinear friction, upon which a model for the complex hydraulic driving process is derived. Using this model, a tracking control method is then proposed to achieve a satisfactory control performance even when forming various workpieces. Its stability is further analyzed and validated. The experiments using an actual hydraulic actuator are performed to test the proposed modeling and tracking control method.
I. INTRODUCTION
Hydraulic actuators are widely applied in industry for manufacturing [1] due to their stiffness, fast responses, small sizeto-power ratios, and large force/torques output [2] . One of the most common applications is to form a material/workpiece into a desired shape. For example, most aircraft components including the fuselage, rotary parts in the engines, and the undercarriage are formed using the hydraulic actuators. However, the hydraulic driving processes are typically very complex due to the following reasons:
• Complex rheological behavior of the work piece exists during its formation into the desired shape [3] , [4] , such as complex grain growth and nonlinear metal flow in all directions. This behavior varies over time and cannot be measured. The shape of the work piece is often irregular and its deformation during forging is also irregular due to the nonlinear relationship of the material properties, stress, stress ratio, and temperature. All of these factors cause the deformation force of the work piece to vary nonlinearly over time in an unknown manner. Furthermore, sudden changes in the deformation force are inevitable due to time-varying forging
The associate editor coordinating the review of this manuscript and approving it for publication was Tao Wang. conditions, such as variations in velocity and temperature, and unpredictable defects in raw forgings, such as holes. When these holes are crushed, the deformation force will vary suddenly. When the metal is squeezed until it touches the wall of the dies, the deformation force will also change suddenly. Additionally, different work pieces have different deformation forces and different deformation processes due to their various shapes and materials;
• The hydraulic driving process is strongly nonlinear due to the compressibility of the oil [5] , [6] and has a highly nonlinear friction force [7] , [8] ;
• The coupling between the dynamics of the mechanism and the dynamics of the hydraulic driving system is complex due to the mutual transfer of both motion and force between the mechanism system and the hydraulic driving system [9] - [11] .
In order to achieve precise and accurate control of the hydraulic actuators for the manufacturing of higher quality products [12] , the designed controller must have the capability to adapt to all the aforementioned factors and should also have a desirable control performance for various work pieces in order to reduce overall costs; this is clearly a great challenge.
Generally, the deformation force of hydraulic driving processes has been represented by a linear model [13] , [14] via simulations or experiments. However, this linear model typically has low precision for large-scale manufacturing applications due to its neglect of nonlinear influences. Nonlinear finite element models have been employed in the design of the hydraulic driving processes [15] , [16] . However, all of the boundary conditions and driving conditions must be known before these finite element models can be built; these conditions are difficult to fully determine ahead of time and thus the resulting models are less effective. These finite element models are also difficult to apply to the design of the controller for the hydraulic actuator due to their complexity and large computational cost. Also, data-driven modeling methods were often used to model the deformation force offline [17] , [18] . However, they lack the ability to account for unpredictable sudden changes from the deformation force due to lack of online function. Additionally, almost all of these control methods were designed for a specific work piece and were not suitable for controlling the formation of various work pieces. Thus, it is still necessary to develop an effective modeling method for the complex hydraulic driving processes for forming various work pieces.
A large number of control methods have been developed for hydraulic driving processes. The proportion integration differentiation (PID) controller has been widely used in industrial applications because of its simplicity and robustness [19] , [20] . However, the high nonlinearity and timevarying dynamics of the hydraulic driving processes often make the PID controller less effective. The fuzzy PID controller [21] , [22] and the model prediction controller [23] , [24] were also often used for the hydraulic process control. However, they employed a simplified linear model in the design of the controller, which results in less effective control of nonlinear hydraulic driving processes. The neural network control and the H∞ robust control have also been used for hydraulic driving processes [25] , [26] . Some modelfree control schemes have been developed for actuator control [27] - [30] . However, these control methods are primarily based on the process data and offline modeling; the physical knowledge is not taken into consideration, which often results in low control accuracy. Some backstepping controllers have also been proposed to control the hydraulic driving processes [31] , [32] . However, these control methods are designed under the condition of the known deformation force model and neglect sudden changes, resulting in a decreased control performance for the nonlinear and time-varying hydraulic driving processes. Thus, the development of an effective control method is still necessary for nonlinear and time-varying hydraulic driving processes.
Accurately controlling the dynamic behavior of nonlinear and time-varying hydraulic driving processes is beneficial for the fabrication of high-quality products and safe run procedures. It has been well established that the accuracy of the control usually depends on the system model. Thus, here we develop a hybrid offline/online modeling based tracking control method to achieve the desirable dynamic behavior for nonlinear and time-varying hydraulic driving processes. The main contributions of this paper are as follows: 1) A hybrid offline/online modeling is first proposed to achieve accurate models of both time-varying and nonlinear deformation forces as well as nonlinear friction, upon which a model for the complex hydraulic driving process is derived.
2) A tracking control method is then proposed to achieve a satisfactory control performance even when forming various work pieces. Its stability is further analyzed and validated.
3) Experiments on the actual hydraulic actuator are performed to test the modeling and control results. 
II. MODELING OF THE HYDRAULIC ACTUATOR
The hydraulic actuator commonly used in industry is shown in Fig. 1 . For this actuator, the hydraulic cylinder is fixed and oil is flowed in the hydraulic cylinder. This will cause high pressure and produce a driving force on the piston. This force will make the piston movement and can be used to form the work piece. In order to form the desired shape of the workpiece, a desirable driving force must be offered by controlling the values using the controller and is used to drive the piston rod with the desired velocity towards the workpiece. Generally, the required time cycle of the actuator is decided by the forming technology of the work pieces. Different technologies have different time cycles. Usually, the time cycle may vary from a few tens of seconds to decades of minutes.
The dynamic model of the piston rod is described as follows:
Here, m, x and A are the total mass, the displacement and the action area of the piston rod, respectively, p is the oil pressure, B is the viscous damping coefficient, F f is the friction at the piston cylinder, F z is the deformation force of the work piece, and d s is the external disturbance.
The Stribeck friction model is a good representation of the dynamic behavior of the friction at the hydraulic cylinder [8] :
Here, F c and F s are the Coulomb friction force and maximum static friction force, respectively, v is the velocity of the VOLUME 7, 2019 piston rod, v s and F v are the Stribeck critical velocity and the viscous friction coefficient, respectively. Typically, the parameters of this friction model are unknown and require identification.
The deformation force of a work piece is usually a nonlinear function of the displacement x, velocity v of the piston rod as well as the shape s h , material m a , and temperature of the work piece [18] :
Here, it is difficult to find this nonlinear function f due to the complex shape and forming conditions. Also, different work pieces have different deformation forces, thus a different nonlinear function f .
For most hydraulic driving processes, the leakages are so small that can be neglected. Therefore, the flow continuity equation can be written as:
Here, β e is the oil bulk modulus, V 0 is the initial volume of the hydraulic cylinder and q is the flow.
In the derivation of the model, the servo valve dynamics are neglected in comparison to our interest frequency range due to the much faster valve response [33] . Hence, it can be assumed that the control applied to the servo valve is directly proportional to the spool position. Then the flow equation of the servo valve is expressed as:
Here, K is the gain of the servo valve, u is the control voltage. From Eqs. (1) - (5), it is obvious that this hydraulic driving process is highly nonlinear and time-varying with the existence of many unknown factors, such as the friction and the deformation force. Also, a controller must be designed to satisfy the forming requirements of various work pieces in order to reduce overall costs. All of these factors provide a great challenge in achieving an accurate control for this complex hydraulic driving process.
III. HYBRID OFFLINE/ONLINE MODELING BASED TRACKING CONTROL APPROACH
In the hydraulic actuator, the friction force is primarily dependent on the contact state between the piston seals and the cylinder wall mating surface. The frictional coefficients tend to be stable under the working load and conditions [34] . Therefore, these coefficients can be identified offline. For the deformation force, on the one hand, it has strong timevarying dynamics due to the deformation and variation of the forming conditions; on the other hand, since different work pieces have different materials and shapes, this results in great differences in their deformation forces. In order to achieve precise and accurate control of the hydraulic actuators, the designed controller must adapt to the nonlinear and time-varying deformation process of the work piece as well as the various deformation forces of different work pieces.
For this purpose, an online modeling method is developed to achieve this deformation force model. Using these models, a tracking control method is then proposed to achieve a satisfactory control performance even when forming various work pieces. The proposed control framework is shown in Fig. 2 . 
A. OFFLINE IDENTIFICATION OF FRICTION MODEL
The friction model parameters are identified using process data under the given working load and conditions. This identification process includes the following steps:
(1) Conduct the experiment under the given working load and conditions; (2) Collect the displacement, velocity, acceleration and pressure data; (3) Calculate the friction force using Eq. (1). Identify the model parameters using the common nonlinear optimization algorithm, such as the particle swarm optimization (PSO) method, and get the estimation value of the parameters and the estimated friction force:
B. ONLINE MODELING OF DEFORMATION FORCE
In order to obtain the nonlinear and time-varying deformation process of the work piece and various deformation forces of different work pieces, an online modeling approach is proposed with the following steps:
Step 1 (Determination of Model Structure): According to the Taylor expansion, it is well established that the deformation force (Eq. (3)) may be online approximated using the following equation at each present working position:
Here,F z is the approximate value of the deformation force; the coefficients F l0 , c l0 , c l1 , c l2 , c l3 may be experimentally determined when the deformation force is unknown or analytically derived using a Taylor expansion when the deformation force is known. This is a reasonable approximation because the high-order terms (over fourth-order) are extremely small at each present working position.
Step 2 (Online Identification of Model Parameter): During the forming process, data regarding the pressure, displacement and velocity are collected in real-time. Using these data, as well as Eq. (1) and the friction force from the friction model, the deformation force can be calculated. Using the deformation force data, the coefficients in Eq. (6) are online identified at each present working position using the least square method, upon which the deformation force at the next moment can be predicted.
Step
(Then, Repeating These Two Processes Can Effectively Obtain the Online Model of the Deformation Force):
Since this online modeling approach does not require any knowledge of the work piece, including shape and material, it can be used to effectively estimate the deformation force of any work piece. Also, since the least square method is used in this identification, its computational cost is low and thus it can guarantee the online estimation well executed in real-time experiment.
In summary, the complete process of online modeling and prediction of deformation force is as follows:
C. CONTROLLER DESIGN AND STABILITY PROOF
Given the desired velocity motion trajectory v r , the objective of controller design is to synthesize the control input u such that the outputẋ = v tracks v r as closely as possible. In order to achieve satisfactory control of the complex hydraulic processes, the control rate is designed as follows:
Theorem 1: for the hydraulic driving process (Eq. (1)), using the estimated models of the friction and deformation force and the control rate (Eq. (7)), in the presence of modeling error, external disturbances and time-varying deformation forces, the control error will be globally uniform ultimately bounded.
Proof: Differential of Eq. (1) and inserting Eqs. (4) -(5) in this differential equation, one has:
Considering the modeling error ζ = (F f −F f ) + (F z −F z ) from the model approximation as using the deformation model and the friction model, Eq. (8) can be rewritten as:
Inserting Eq. (7) into Eq. (9), one has:
The velocity tracking error e and its derivativeė,ë are defined as follows:
Inserting Eq. (11) 
Introducing S > 0, Eq. (13) can be rewritten as follows:
Eq. (14) is a typical two order nonhomogeneous linear differential equations with constant coefficients, its characteristic equation is:
Using the Viete theorem [35] , one has:
Here, λ 1 , λ 2 are two roots of Eq. (15) . The general solution of Eq. (14) can be expressed as:
Here, f (λ) is the general solution of the homogeneous equation corresponding to the nonhomogeneous Eq. (14) .
The discriminant of Eq. (15) 
. For more generality, we discuss the following three scenarios of the discriminant :
Case 1: When > 0, according to Eq. (16), λ 1 , λ 2 are two unequal real roots and λ 1 = λ 2 < 0. At this time, f (λ) = C 1 exp(λ 1 t) + C 2 exp(λ 2 t), where C1, C2 are integration constants. As t → ∞, C 1 exp(λ 1 t) t→∞ → 0, C 2 exp(λ 2 t) t→∞ → 0, and thus f (λ) t→∞ → 0.
Case 2: When = 0, according to Eq. (16), λ 1 , λ 2 have two equal real roots and
Case 3: When < 0, λ 1 , λ 2 are a pair of conjugate multiple roots and have the form λ 1,2 = α ± iβ. Thus, f (λ) = exp(αt)(C 1 cos βt +C 2 sin βt). According to Eq. (16), it is obvious that α < 0 and thus f (λ) t→∞ → 0 as t → ∞. (17) can be written as: It is remarkable that the model error and the external disturbance term are bounded, from Eqs. (12) and (14), S = |ζ |+|ḋ s| m − ζ +ḋ s m is also bounded. Thus, from Eq. (18), it can be concluded that the velocity tracking error e is globally uniform ultimately bounded.
From this theorem, as using the estimated models of the friction and deformation force and the control rate (7), it can effectively achieve the satisfactory hydraulic driving processes even if forming various different work pieces and there is disturbance in these processes. 
IV. EXPERIMENT VERIFICATION
Experiments using the practical hydraulic actuator, as shown in Fig. 4 , were performed to validate the effectiveness of the proposed method. In the experiments, the hydraulic cylinder was fixed and divided into two parts using the piston. One part was the driving part where oil was flowed in and its pressure force was adjusted through the control of the proportional directional valve (ATOS: DHZO-AES-PS-053-L14). This force can be used to form the desired shape of the work piece. The system pressure was powered by the pump station and the supply pressure was maintained at 20 MPa using the relief valve (HD: DBW10). The other part was used to simulate load since the speed of oil outflow from its outlet can be controlled using a proportional relief valve (ATOS: AGMZO-TERS-PS-10). In this way, it can effectively simulate the nonlinear deformation force from an arbitrary work piece and can be used to replace the work piece in the experimental stage. The displacement of the piston rod was directly measured by a displacement sensor (MTS: RPM0800MD601V610001) installed at the horizontal slide way. The pressures of the inlet and outlet of the driven cylinder were directly measured by pressure sensors (IFM: PN2021). The load force, produced by the load cylinder part, was measured by a force sensor (NS: WL1F). The system pressure and flow were monitored using pressure gauges (HC: YN60) and flowmeters (FS: FQC-200), respectively. The measured signals were collected using the PCI-1723 card and read into the computer. The controller was programmed and compiled using LabVIEW. The parameters of the practical hydraulic actuator are shown in Table 1 . According to these values, the discriminant is calculated to be 3.7 × 10 8 , and the velocity tracking error should be globally uniform ultimately bounded according to theorem 1. 
A. CASE 1: FRICTION MODELING AND VALIDATION
The pressure of the load cylinder is set to be similar to the working pressure. Given this load force, first the displacement, velocity, and pressure data were collected. Then, the friction force data were calculated using Eq. (1). Using the method given in section 3.1, the parameters of the friction model are identified as F c = 3672.61 N, F s = 3865.24 Nv s = 0.00106 m/s, F v = 19654.75 N · m/s. The optimal fitness curve of particle swarm optimization is shown in Fig. 5 . The experimental value of friction force and the output of its model are shown in Fig. 6 , and indicate that the built model fits the practical output well.
B. CASE 2: VERIFICATION OF BOTH DEFORMATION FORCE MODELING AND CONTROLLER DESIGN
Two experiments with different loads were performed using this hydraulic actuator to verify the effectiveness of both modeling the deformation force and the controller design. Two different reference velocity trajectories, squarewave and sine reference trajectories, were tracked and are presented as:
Experiment 1: In this experiment, the load force experiences a small sudden change, as shown in Fig. 7(a) . The experimental value of the load and the predicted value of the model built using the proposed method are shown in Fig. 7(a) and their relative errors are shown in Fig. 7(b) , respectively. With a relative error rate less than 3%, as shown in Fig. 7 , it is clear that the online deformation force modeling method can effectively model nonlinear load. of the tracking error from the proposed controller and the common PID controller are shown in Table 2 , from which the proposed method is shown to have better control performance as compared to the PID control. This is because the proposed controller considers the real-time variation of the deformation force and the nonlinear dynamics of friction and the common PID does not. 
Experiment 2:
In this experiment, the load force experiences a larger sudden change, as shown in Fig. 9(a) . The comparison of the results between the experimental value and the predicted value of the load model built using the proposed method is shown in Fig. 9(a) , and the relative error is shown in Fig. 9(b) . The online modeling of the deformation force can be effectively used to estimate the complex deformation force, shown in Fig. 9 .
The tracking performances of two control methods for reference velocity trajectory v r2 are shown in Fig. 10 . The results show that the proposed controller has a good transient response with a slight overshoot even if both the reference trajectories and the deformation force undergo a large and sudden change. Additionally, the RMSE of the tracking errors of the proposed controller and the PID controller are shown in Table 3 , from which it is evident that the proposed method has better control performance as compared to the common PID control.
V. CONCLUSION
In this study, we proposed a hybrid offline/online modelingbased tracking control method to be used to determine the dynamic response of complex hydraulic driving processes. Validation of the developed model indicates that it is able to accurately represent the system response. The proposed control method effectively achieves precise tracking performance under different deformation forces, even if both the reference trajectories and the deformation force experience a large and sudden change. Additionally, it has the capability to provide satisfactory control for forming various work pieces. The experiments using an actual hydraulic actuator were carried out to test and demonstrate the accuracy of the analytical results. Overall, these results indicate that our proposed method may support the fabrication of high-quality products. 
